The catalytic activity for the oxygen reduction reaction (ORR) of a hexagonal boron nitride (h-BN) monolayer deposited on a Au(111) surface and decorated by a small planar Au 8 cluster has been studied theoretically using density-functional theory. It is shown that gold nanoparticles (Au-NP) deposited on the h-BN/Au(111) surface can provide catalytically active sites for effective ORR at the perimeter interface with the support. Stabilization of oxygen at the perimeter interface between Au-NP and h-BN/Au(111) support promotes OOH* dissociation opening effective 4-electron pathway of ORR with formation of H 2 O. It is suggested that increase in the perimeter interface area between the supported Au-NP and the surface would result in increase of the ORR activity. Such increase in the perimeter interface area can be achieved by decreasing the size of Au-NP. Our calculations demonstrate the principal ability to functionalize inert materials such as stand-alone h-BN monolayer or Au surface for the ORR and open new way to design effective Pt-free catalysts for fuel cell technology.
Introduction
Development of the effective electrocatalyst for oxygen reduction reaction (ORR) is one the most important problems in fuel cell technology [1] [2] [3] [4] [5] [6] . Currently, the most efficient electrocatalysts for the ORR are based on platinum which prevents the wide use of fuel cells in practical applications for energy conversion due to the high cost and limited resources of platinum. Therefore, worldwide efforts are directed towards the search for principally novel electrocatalysts for ORR based on low cost and abundant materials.
It is well known that the wide range of materials can demonstrate promising activity for ORR including non-precious metals and their alloys with platinum [1, [7] [8] [9] , metal oxides [10, 11] , metal nitrides [12] , metal oxynitrides [13, 14] , metal carbides [10, 12, 15] , metal-nitrogen-carbon (MNC) electrocatalysts [16] [17] [18] [19] , metal dichalcogenides [20, 21] , and Nand B-doped carbon materials with and without metal doping [22] [23] [24] [25] [26] [27] [28] [29] [30] .
It has been demonstrated that in the carbon-based nanomaterials such as graphene sheets doped with N and B atoms, BN-pair impurities can serve as active sites for the ORR [28, 31] . This is interesting fact, because steadily increasing concentration of BN-pairs in the graphene sheet in the limit case one can substitute all carbon atoms by boron and nitrogen and obtain h-BN monolayer which has a similar geometry structure as graphene, but principally different electronic and chemical properties. h-BN is often used in nanocatalysis as an inert support which does not affect the electronic and geometry structure of the deposited nanoparticles and hence does not affect their chemical reactivity. Indeed, h-BN is an electrical insulator with a wide band gap and high thermal and chemical stability [32, 33] . Therefore, until recently, such material has never been considered as a possible candidate for electrocatalyst. However, in our previous works, we have demonstrated theoretically that h-BN is not as inert as it was previously believed and can strongly affect the catalytic properties of the supported metal particles [34] [35] [36] [37] [38] .
Moreover, we have predicted that h-BN monolayer modified by doping or metal support can demonstrate catalytic activity for ORR [39] [40] [41] . Indeed, the band gap in a h-BN monolayer can be considerably reduced by various type of defects [39, 42, 43] , and it was demonstrated that a h-BN monolayer deposited on the transition-metal support can be a conductor under certain conditions due to metal-d BN-π hybridization at the h-BN/metal interface and formation of the gap states [44] [45] [46] . It is important to note that adsorption energies of intermediates of catalytic reactions can be strongly affected by the density of electronic states (DOS) near the Fermi level. Therefore, a metal substrate or defects in h-BN can promote or affect catalytic reactions on the h-BN surface [38] . This theoretical suggestion has been proved experimentally where it has been demonstrated that Au electrodes modified with boron nitride nanosheet (BNNS) in the acid media indeed can act as effective electrocatalysts not only for ORR [47, 48] , but also for the hydrogen evolution reaction (HER) [49] . It has been demonstrated that overpotential for ORR at gold electrode is reduced by 0.27 V by the modification with BNNS, although it is still highly compared with Pt electrode and oxygen is mainly reduced to H 2 O 2 via 2-electron process [47, 48] . Calculations demonstrate that in the case of Au electrode covered by h-BN monolayer, the desired 4-electron process leading to formation of H 2 O is not energetically favorable due to stability of OOH* towards dissociation into O* and OH* (here * denotes the adsorbed species) [47] . It is important to note that the pure Au electrode has very weak ORR activity, while stand-alone h-BN is inert; therefore, interaction between h-BN and Au plays the key role for ORR [47, 48] . Thus, one can suggest that increase in h-BN-Au interaction and formation of adsorption sites on the h-BN/Au surface for stabilization of the O* and OH* intermediates relatively to OOH* can open 4-electron channel for ORR [50] . One of the methods to increase h-BN-Au interaction and create additional adsorption sites for O* and OH* intermediates is decoration of the h-BN/Au surface by small Au nanoparticles. It is well known that small Au nanoparticles demonstrate extraordinary catalytic activity for O 2 activation and selective oxidation by molecular oxygen [51] [52] [53] [54] . In this case, catalytic reactions often occur at the interface area between the supported gold nanoparticle and the surface [55] . Therefore, deposition of gold clusters on h-BN/Au surface can considerably promote ORR. Indeed, it was shown experimentally that decoration of h-BN/Au electrode with Au nanoparticles not only opens the 4-electron ORR pathway leading to formation of water, but also reduces overpotential by ca. 50 mV [50] .
In the present work, we perform systematic theoretical analysis of the observed phenomena on the example Au 8 cluster which mimics very small and flexible gold nanoparticle on the h-BN/Au surface. It is demonstrated that the perimeter interface between the gold nanoparticle and h-BN/Au surface forms activesites for oxygen adsorption promoting OOH* dissociation in this area, which in turn opens 4-electron pathway for oxygen reduction. Therefore, we suggest that increase in the perimeter interface area at the boundary of the deposited Au nanoparticles and h-BN/Au support would result in increase of the ORR activity of such catalyst. The increase in the perimeter interface area can be achieved by decrease in size of Au nanoparticles. This effect is well known in gold nanocatalysis for various oxidation and hydrogenation reactions [55] .
Theoretical Methods
The calculations were carried out using density-functional theory (DFT) with the gradient-corrected exchangecorrelation functional of Wu and Cohen (WC) [56] . The WC functional provides a good compromise adequately describing energetics of covalent and non-covalent bonds in oxygen and hydrogen molecules and ORR intermediates, as well as the lattice constants, crystal structures, and surface energies of solids with layered structures like graphite or h-BN, whose distances between the layers are determined by rather weak interactions [57] . Moreover, the WC functional provides a realistic description of the binding energies and geometries of h-BN layer on top of 3d, 4d, and 5d transition-metal surfaces, correctly describing the interaction of transition metals with h-BN [57] [58] [59] . The WC functional was successfully used in our previous works to describe catalytic activity of BN-based stand-alone and supported nanosystems [38-41, 47, 49, 50, 60] , and catalytic activity of small gold particles on the pristine and defected h-BN surfaces [35] [36] [37] .
Double-ζ plus polarization function (DZP) basis sets were used to treat the valence electrons of all atoms, while the core electrons were represented by Troullier-Martins norm-conserving pseudopotentials [61] . Basis set for gold was optimized with the use of the Nelder-Mead simplex method [62] . All calculations were carried out with the use of the SIESTA package [63] [64] [65] .
Periodic boundary conditions are used for all systems, including free molecules. In the latter case, the size of a supercell was chosen to be large enough to make intermolecular interactions negligible. The h-BN and Au lattices have been optimized using the Monkhorst-Pack [66] 10×10×4 and 10×10×10 k-point mesh for Brillouin zone sampling, respectively. The calculated h-BN lattice parameters a = b = 2.504Å and c = 6.656Å are in a good agreement with the experimental values of a = b = 2.524 ± 0.020Å and c = 6.684 ± 0.020Å, reported in [67] . The calculated lattice parameter of Au fcc bulk structure is a = 4.1111Å, which is in excellent agreement with the experimental value of 4.0782Å [68] . The optimized lattice of the bulk Au was used to construct four-layer 7×7 Au(111) slab covered by 8×8 h-BN monolayer, where the bottom two layers of gold were fixed and all other atoms are fully relaxed. Only the point is used for sampling the Brillouin zone of the slab due to the large size of the supercell. The energy cutoff of 200 Ry is chosen to guarantee convergence of the total energies and forces. A common energy shift of 10 meV is applied. The self-consistency of the density matrix is achieved with a tolerance of 10 −4 . For geometry optimization the conjugate-gradient approach was used with a threshold of 0.02 eVÅ −1 . The atoms in molecules method of Bader (AIM) has been used for charge analysis [69, 70] .
The overall ORR can be written in the following simple form:
A simple description of the ORR mechanism includes investigation of the adsorption preferences of O 2 , OOH, O, OH, and H 2 O intermediates and products on a model catalyst and analysis of the overall energetics for ORR process along the possible reaction pathways. Similar approach has been introduced by Nørskov [71] and described in details by Keith and Jacob [72] [73] [74] .
It should be noted that in the case of ORR at the transition-metal surfaces, activity trends can be considered in terms of the simple descriptors such as the binding energy of chemisorbed oxygen and the shift in the d-band center of the catalyst [71, 75, 76] . Such approach leads to the scaling law where O and OH binding energies are roughly linearly correlated for the elemental surfaces [71] . However, in the case of ORR at the interface between BN and Au bonding of O and OH is not necessary should follow the same correlation because these two species can be adsorbed at the different adsorption sites. Such effect can lead to a completely new catalyst.
To describe the energetics of the ORR, we have analyzed the change in free energy, G, along the reaction pathway, which can be done by calculating the heats of formation, H f , and accounting for the change in entropy, S, during the reaction. To simulate ORR under realistic conditions, it is also necessary to take into account zeropoint energy (ZPE) corrections, E ZP E , and the effect of solvent (water) environment on the ORR process, E water . The overall change in a free energy accounting for the corrections described above can be written in the following form:
where T is the temperature of the system. The heats of formations, H f , can be calculated using information on binding preference and adsorption energies of ORR intermediates [29, [71] [72] [73] [74] [77] [78] [79] [80] . In order to obtain the most stable configuration of the adsorbed O 2 and ORR intermediates, we have generated a large number of starting geometries by adding O 2 , OOH, O, and OH species in different nonequivalent positions on the surface. The starting structures have been optimized without any geometry constraints. A detailed description of the procedure can be found in our recent works [39, 40] and references therein.
Results and Discussion

Formation of the Active Adsorption Sites for ORR on the Small Au 8 Cluster Supported on h-BN/Au(111)
A free neutral Au 8 cluster has a planar two-dimensional structure and possesses enhanced stability due to the electronic shell closure effect; see, e.g., [81] and references therein. Therefore, it is inert towards adsorption and activation of O 2 . Nevertheless, excess of the negative or positive charge on Au 8 can promote its activity towards oxygen activation [82, 83] . Interaction with the support can induce charge transfer between the cluster and the surface which makes supported cluster more reactive in comparison with its free counterpart [38] .
DFT calculations demonstrate that planar Au 8 can be adsorbed on the h-BN/Au(111) surface in two different configurations: (i) those parallel to the surface with all cluster's atoms atop of B atoms with adsorption energy of −1.17 eV and (ii) those perpendicular to the surface. The difference in adsorption energy between these two configurations is only 0.06 eV, therefore both configurations can coexist at room temperature. We have selected parallel configuration for the further study of the ORR on the supported Au 8 because such orientation maximizes the contact area between the cluster and the support, and can serve as a reliable model for the interface area of the larger gold clusters supported on h-BN/Au(111) when two-dimensional planar structures are energetically not favorable any more (small gold clusters favor planar structures up to cluster size of 12 or 13 atoms, while gold clusters of larger sizes are three-dimensional [84] [85] [86] ).
Adsorption and activation of O 2 on the catalytic material is the first and one of the most important step for ORR.
We have found that O 2 readily adsorbs on the Au 8 @BN/ Au(111) system at the corner atom of Au 8 with the adsorption energy of E ad = −0.40 eV, and in a double-bridge configuration, bridging two Au and two B atoms at the perimeter interface of the supported Au 8 and the BN layer with E ad = −0.32 eV, as shown in Fig. 1a, b , respectively. In both cases, the adsorbed oxygen molecule is highly activated. It is well established that the catalytic activation of the adsorbed oxygen and stretching of the O-O bond occurs due to the partial population of the antibonding 2π * orbital of O 2 . Such a mechanism of the charge-transfer-mediated activation of the oxygen molecule adsorbed on gold clusters has been intensively studied [36, 81, [87] [88] [89] [90] [91] [92] [93] [94] . The calculated adsorption energies of O 2 to Au 8 @h-BN/Au(111) are close to the experimental values known for the low coverage O 2 adsorption to Pt(111) surface, −0.3 to −0.5 eV, determined by the low-temperature thermal desorption spectroscopy and electron energy-loss spectroscopy methods [95] [96] [97] . Note that neither a neutral free Au 8 cluster nor a stand-alone h-BN/Au(111) system is active for O 2 adsorption. As we have already mentioned, interaction between h-BN and transition-metal occurs due to the metal-d BN-π hybridization at the h-BN/metal interface. Adding gold particle on the BN/Au(111) surface would result in increase of the density of electronic states (DOS) near the Fermi level promoting oxygen adsorption [35, 38] . The Bader charge analysis shows that Au 8 on h-BN/Au(111) possesses small positive charge of 0.5e, where e is an elementary charge. Small charge transfer from Au 8 to the support breaks its electronic shell closure and promotes interaction with molecular oxygen. The ability of free cationic gold clusters to adsorb and activate O 2 has been recently discussed [83] . Therefore, interaction of Au 8 Figure 3 demonstrates the change in free energy, G, calculated along the ORR pathways for h-BN/Au(111) (black line) and Au 8 @BN/Au(111) (red line with triangles) systems. Here, G takes into account ZPE corrections, entropy and solvent effects on the adsorption energies of all ORR intermediates as described in Section 2.
Energetics of the Oxygen Reduction Reaction
Our calculations demonstrate that presence of the Au 8 cluster on the h-BN/Au(111) support results in a mild stabilization of O 2 *, OOH* and OH* intermediates by ∼ 0.5 eV, and drastic stabilization of O* by ∼ 1.6 eV in comparison with adsorption on the pure h-BN/Au(111) surface. Such Fig. 3 shows that in the case of Au 8 cluster deposited on h-BN/Au(111) surface, G decreases along the whole reaction pathway making reduction of oxygen to water favorable energetically in contrast to the pure h-BN/Au(111) surface.
Conclusions
It is demonstrated on the example of a small planar Au 8 cluster that gold nanoparticles deposited on the h-BN/Au(111) surface provide catalytically active sites for effective ORR. It is shown that stabilization of oxygen at the perimeter interface between Au-NP and h-BN/Au(111) support promotes OOH* dissociation opening the effective 4-electron pathway of ORR with formation of H 2 O. Therefore, we suggest that the increase in the perimeter interface area between the supported Au-NP and the surface would result in increase of the ORR activity. Such increase in the perimeter interface can be achieved by decrease in size of Au-NP.
